Abstract-Humanoids; a most intriguing subject to behold by both the engineers and the world at large. With the introduction of humanoid robot NAO by Aldebaran-Robotics in 2008, a performant biped robot is now available and affordable for research laboratories and the mass market. In this paper, an exploration of current trends in control methods of biped walks, behavior interface tools for motion control for NAO and imminent findings in both research areas are discussed. Future directions are for researchers to devise a unique controller with low power consumption without compromising the robot's speed and robustness.
INTRODUCTION
Robots have always been an intriguing subject for both generalists and technologists alike. Humanoids, robots in human form, pose even greater interest to men as they are regarded as the future of robotics [1] .
From the inception of 'Astro Boy' cartoon (a human-like robot) half a century ago to the advent of the ever so popular humanoid ASIMO whose phenomenon began in 1986, Japan is definitely the birth place for the idea of a humanoid in our world today [2] . The Japanese have established that humanoids are not a dream but a palpable technological result. Sociable humanoid robots have become the catalyst as to how the world perceives machines.
However, the 'robot fever' amongst the Japanese has not really become a catalyst to any significant real business. Many humanoid robots have been produced, but only as a platform for experiments and to satisfy the engineering curio. There is an unfulfilled need for an affordable, mass produced humanoid in the market for robot researchers who want to play and work and not develop a functional robot.
In 2005, a French SME had answered this call. AldebaranRobotics had marked a breakthrough when it decided to develop and market humanoid robots as products that are affordable with multiple features. The first version, NAO, was dedicated to research organizations who wish to concentrate mainly on software technology [3] . The guidelines adopted Aldebaran-Robotics company are modularity, affordability, performance and open architecture. NAO is a manifestation from robot manufacturers all over the world in attaining a platform for both a sociable and research intent. This paper explores the recent trends in control and motion algorithms used for the NAO robot and to pore over future directions in this area. The next section is dedicated to briefly review the hardware design, sensors, actuators and kinematics of the robot. The third part caters for the thorough exploration of control architectures adopted, tested or simulated for the NAO robot. The final section covers motion software and algorithms that had been developed specifically for NAO.
II. THE HUMANOID ROBOT NAO
This humanoid robot had been designed purposely to look approachable. With a height of 0.57 meters and weighs about 4.5 kilogram, NAO has the appealing appearance of a human toddler. Figure 1 shows the overall appearance of the robot. NAO possesses 11 degrees of freedom (DOF) for its lower limbs and another 14 DOF for its upper parts. Its 25 DOF offers great mobility for NAO. It is equipped with a special, patented pelvis kinematics design which only requires one motor instead of three and gives NAO the mobility to bend forward whilst spreading its legs [4] . Its exclusive actuation system based on brush DC motors and modularity of the robot limbs allows further evolution and aid maintainability. These are the innovative traits that distinguish NAO from its Japanese, American and other counterparts.
This all in one humanoid robot features embedded software modules, namely Choregraphe which allows text to speech, sound localization, visual pattern and colored shape detection, obstacle detection and stunning visual effects through its many LEDS. Its versatility in platform agnostically allows program control using Windows, MAC OS and even Linux.
Sensor data feed is updated at every cycle of 20 [ms] . NAO possesses an array of sensors in its package. NAO's vision is delivered by a 30 FPS, CMOS video camera with a resolution of 640x480. NAO also comes with two gyrometers and three accelerometers for real time signal acquisition purpose. Magnetic rotary encoders (MRE) are located at all the actuators to record actual joint positions. Force Sensitive Sensors (FSR) located beneath NAO's feet (four FSRs for each foot), gives force input with respect to the ground. Bumpers at the front of each foot act as collision detection. NAO is equipped with capacitive sensors for it to receive tactile input through touch. These located on its forehead, divided into three segments.
Other than the wired Ethernet port, communication with remote computers is available through the 802.11g wireless protocol. However, communication using the Ethernet port is more stable and reliable. NAO also comes with a user friendly GUI, Choregraphe which offers simplistic interface for users to control the robot motion. Advanced users may opt to program NAO using C, C++, Phython or Urbi. Lastly, NAO can be modelled as realistic simulation in Microsoft Robotics Developer Studio and Webots.
NAO robot utilizes Maxon
TM coreless brush DC motors that are known for precision and reliability [4] [5] . The selection is done based on a simulation of speed versus torque specification. The motors are controlled using PID controller and modelled in Matlab-Simulink environment linked with WorkingModel software.
NAO is the answer for a performant yet affordable humanoid robot. Labs or research groups are currently discouraged by the cost and maintenance of such robots. Thanks to the power of mass production and cost reduction at every stage (mechanics, electronics and software); the NAO robot is now affordable for the academic realm.
III. NAO WALK CONTROL EVOLUTION
Adopting an open loop algorithm, the first NAO prototype had achieved a forward walking velocity of 0.36 km/h [4] . However, with closed loop control the robot is targeted to achieve the velocity of 0.6 km/h (equal to a two years old child of the same height). Since its inception, smooth biped walking has been a much targeted area of research among research labs, including Aldebaran Robotics in France and the universities partaking in the RoboCup competition.
Using NAO as the Standard Platform League (SPL) for RoboCup since Sony stopped their production of the AIBO dogs in 2008 had marked the breakthrough in NAO research, focusing in biped walk control. Obviously, the quadrupled AIBO is more stable with four legs and lower Centre of Mass (CoM). Simply said, the NAO robot which is 57 cm tall with two legs has a higher CoM. A fast, robust, flexible and stable platform is the qualities desired for SPL of RoboCup.
Walk is defined as robot movement with desired speeds in forward, sideways and even rotational directions [6] . The adopted controller needs to be robust to maintain NAO's stability on its two feet despite the change in walking patterns and variety of ground surfaces. Biped walk is simply walking using two legs which is natural for humans but for humanoids, it is a complex, non-linear and dynamic process.
The default walk provided by Aldebaran is controlled by an open loop engine [6] [7] . NAO is based on a gait that keeps the CoM of the robot above the area supported by its legs. Hence, the robot has low robustness on surfaces such as on carpets as used in RoboCup. A simplified view for the cascade open loop algorithm currently deployed by NAO is shown in Figure 2 . Due to its simplicity and requires no feedback, instabilities may arise [5] . Simply said, using this open loop stabilizer the robot is able to walk straight and follow arcs without falling as long as the ground it is done on flat and hard ground surface.
There are 4 types of open loop walk originally provided with NAO. The walks are straight walk, turning on the spot, side stepping and arc walk, which is walking around the perimeters of a circle [8] . Combinations of these walks are barely enough for teams to compete in RoboCup. Hence, a series of NAO walk controllers have been devised since 2008 with the ultimate aim of robust walk algorithm for the humanoid.
A. Manual Tuning
Pioneering works of feedback controllers involving manual tuning are still being investigated until now in devising a robust walk controller for NAO. Corrective action from humans are proven to be effective in improving the stability of the walk cycle, achieving faster walks and even the robustness of the robot as presented in earlier works [7] [8] [9] . The existing walk algorithm is the best platform to start with in devising a new controller for NAO. However, as shown by researchers in Carnegie Mellon University [9] , open loop walk behavior will result in instabilities after a certain number of walk sequences at a fixed speed and distance. This is due to the sources of uncertainties related to the sensors and actuators of the robot. The deviation between desired and actual output trajectory is shown in Figure 3 .
Changes in sensory reading when instabilities occur are used to derive a correction policy by mapping appropriate modifications to the walk cycle. Using wireless feedback method utilizing the Nintendo Wiimote, the robot's motion in real time is modified using corrective human feedback. Correction values are recorded simultaneously with the sensory readings. The closed loop playback walk using the learned policy is able to improve the robot's stability and reach the maximum distance defined in the experimental setup. Nevertheless, the delay in the key frame between the perception and actuation of human feedback pose a critical issue in this type of controller.
At the University of Newcastle, Australia the work of improving online walk patters of the NAO robot began with manually adjusting the walk parameters and lowered stiffness value to every motor. By default, each joint on the robot deploys a low level controller for position control as shown in Figure 4 . The parameter K s is used to provide stiffness control for the controller. Smaller values of K s shall result with softer trajectory tracking as it restricts the motor torque under load. Manually tuning the power supplied to each motor has resulted with a low stiffness walk which is more efficient, smooth, stable and robust. This is due to the low power in motors thwart the robot from rigidly tracking the imperfect trajectories. However, the procedure of manually setting the stiffness for each motor in the legs and arms and also varying the walk parameters based on iterative improvements is an exhausting process. An improved algorithm which automatically changes the value of K s of each joint as a function of walk phase is the future direction in this type of controller.
The University of New South Wales in Australia's rUNSWift RoboCup 2008 team carried out their optimization of Aldebaran's walk parameters by manual tuning using an external file which contained the walk parameters in a certain order [8] . The results are promising as the tuned walks obtained a speed of 20% more than the default NAO walk. This group also concluded an interesting observation that there exists a subtle difference between each unit of the NAO robot which results with the same set of tuned parameters do not necessarily function for all robots. As each robot requires individual tuning, this controller is indeed inflexible and still requires major modifications in the future.
B. Closed Loop
An open loop control system is definitely subject to disturbances. Inability to correct these disturbances is by adopting a closed loop system where a sensor is used to measure the output response and feed that measurement back through a feedback path. In the event where differences exist between the input and the output, the controller is triggered to make corrections to the system. In attaining robust walk for the NAO robot, an equally robust, closed loop controller is required to compensate for disturbances such as surface variability and even external forces as depicted in [10] [11].
B-Human, the RoboCup 2009 team at Bremen University in Germany has proven the triumph of their novel CoM-based closed loop gait controller designed for NAO as they had achieved world champion status and also the winner of the technical challenge. Using this controller, the robot is observed to be walking faster as it continuously prevents itself from falling down to the front [10] .
The B-Human team adopts a CoM-based gait for the NAO robot, supported by strong balancing methods. This results with a robust system where active balancing of the robot stance makes the gait a closed-loop solution. The maximum speed reached during the competition was 15cm/s forward which is faster than the theoretical maximum speed of only 12 cm/s.
The French SME that produces the NAO robot, Aldebaran Robotics is also actively involved in developing a robust controller for NAO's walk engine. Since the inception of the company in 2005 and with 7 prototypes produced, a robust type omni-directional walk controller which is able to compensate small obstacles is now available for the NAO robot. This controller is based on the feedback on the real trunk position of NAO based on its joint sensors [11] .
Joint control can only be carried out with position references and is based on a PID control loop. The main idea of the feedback loop is to inject, in the dynamic model of the walk, the error of the trunk position. As a result, NAO is now able to overcome several common surfaces including carpet and wood. This is definitely a breakthrough to be appreciated by NAO's enthusiasts. The developers at Aldebaran are now concentrating on how to overcome large disruptions and also large force using dynamic foot placement algorithm.
C. Fusion Controllers
Combining two types of controller or walk dynamics is another ingenious method adopted to solve the biped walking phenomenon. Two popular methods to stabilize walk engines are the Zero Moment Point (ZMP) and the Linear Inverted Pendulum model (LIP).
The ZMP is defined as the point on the ground where the total of all moments (both inertial and gravity) has zero component along the horizontal axes. A stable walk can be realized by combining trajectory control algorithm and maintaining ZMP within the convex hull of contact points between the robot feet and the ground [7] [11] . LIP is a model used to estimate the motion of biped walking when the robot is supporting itself on one leg.
Another group of researchers at the University of Science and Technology of China proposes an interesting approach to generate biped walk patterns by combining the 3 dimensional LIP (3D-LIP) and ZMP method [12] . The concept is called simplified walking where the robot is considered as a LIP and the robot mass is distributed on its CoM. Effects of inertia are ignored. As a result, the robot is able to decipher the landing gesture for its next step before landing the current swing foot. The main advantage is obtaining a more flexible walk for NAO which aided the team in becoming the champion of 2008 RoboCup China-Open.
At the Dortmund University of Technology in Germany, another fusion type of controller has been proven to produce stable walk dynamics and also cope with both internal model and external disturbances such as the ground conditions and even collision with other robots which are truly useful in a game of soccer in the RoboCup.
This novel observer based control system combines a feedback controller with an online generated feet pattern to assure the robot's stable stance [13] . Special attention had been given to the online control of the CoM movement to achieve desired ZMP trajectory. The generation of motion patterns of the robot's feet and the rest of the body must satisfy the conditions of stable motion. Hence, the motion generation process can be seen as a cascade process as shown in Figure 5 .
D. Artificially Intelligent (AI) Controllers
Another type of advanced controller on solving the NAO's walking trajectory is using artificial intelligence [14] [15] . A research carried out in Southeast University, Nanjing, China has successfully simulated their fuzzy controller in RoboCup 3D platform. The robot has achieved flexible walking with a high standard of stability. By restricting step length and proper robot inclination using fuzzy omnidirectional walking controller [14] , the ZMP is always ensured to be within the stable region.
Policy gradient reinforcement learning (PGRL) is a popular machine learning algorithm for legged robots [15] . Coupling this algorithm with simple foot positioning compensator has successfully improved NAO's biped walk. Plus, the robot can successfully balance itself after being pushed by substantial external forces. This novel solution is proposed and investigated by researchers at Tongji University, Shanghai.
Both of these pioneering works on AI type control has also achieved omnidirectional walk for NAO which is very significant to a humanoid to change its direction and avoiding obstacles when placed in a human environment and prevent collision with other robots during the RoboCup soccer games.
IV. MOTION CONTROL INTERFACE
Another stimulating area of research involving the NAO robot is in creating interactive software to design motion patterns for the humanoid. When purchased, the humanoid comes with graphical user interface software (GUI); Choregraphe.
Choregraphe was 'born' to satisfy both generalists and programming enthusiasts who wish to have a fine control of motions for NAO [3] . This is one of the objectives set by developers at Aldebaran when developing NAO. An example of Choregraphe interface is shown in Figure 6 . Nevertheless, Choregraphe is still at its infancy stage. One of its drawbacks is when simulating the desired project on the 3D NAO robot. It is not a full simulator environment. The robot shall never fall as there is no gravity pull. Behaviors involving its sensors such as tactile and even LED control can only be emulated if the robot is present and connected online.
In Greece, lab researchers at the Technical University of Crete have developed a freely available interactive software tool to design complex motion behaviors for NAO robot called the Kouretes Motion Editor (KME). The main objective of KME is to a software tool that is able to generate, capture, store, manipulate, edit, replay and export sequences of compete robot poses [16] . KME is universal as it can easily be tailor made to suit other types of robots. For the RoboCup 2008, KME has been adopted to design various poses for NAO including ball kicks and goal-keeper actions which helped rank the Kouretes team to win the third place. An example of KME interface is shown in Figure 7 . KME can also be compiled using Windows, MAC and Linux which makes it similar to Choregraphe. However, a functional version of Choregraphe was only released in 2009. On the other hand, Choregraphe is able to combine time-based and event based platform for the robot which is a drawback for KME.
Other than developing robust controllers for the biped walk, researchers are also looking at NAO for possible social applications, specifically as therapeutic social partners. Recent research show that autistic children show positive characteristics and responses when are exposed to robots. In lieu of this, the NAO robot is adopted in imitation therapy sessions to stir responses in these children. Hence, a special motion programming interface needs to be constructed to aid both researchers and therapists in utilizing the robot during clinical sessions. A GUI for the KME Motion Editor [17] At the Eindhoven University of Technology, the Wikitherapist project is being carried out. Combining the humanoid robot NAO with visual programming environment, the project aims to allow therapists to create and share therapy programs. A technique called imitation learning is being adopted to program the NAO robot through demonstration of the desired behavior. As autistic patients are impaired in imitation learning, the robot is taught to identify simple and emotional movements based on the emotional primitives [17] through TiViPE, a visual programming environment.
A similar project is being carried out at the Cognitive Robotics Lab, ENSTA in Paris. In this research, the NAO humanoid is used to aid autistic children in communication gestures [18] . Dynamic gesture recognition algorithm is developed for the robot to both mimic and induce imitation in the user and sustain a prolonged imitation game. Teaching the NAO robot to recognize dynamic gestures using its cameras and then response in real time with imitative actions is a revolutionary concept in planning the robot's motion.
In Malaysia, the HuRoBs team in Universiti Teknologi MARA is currently exploring the development of robot-based intervention platform and training tools for Autism Spectrum Disorder (ASD). The researchers are defining a control algorithm to measure the concentration level of autistic children through eye contact technique using the vision obtained from humanoid robot NAO's camera.
V. CONCLUSION NAO is a robot with a friendly looking exterior. But there's more to it than meets the eye. There's a full horizon to be explored for its applications in the human world. The obvious highlights of NAO are light weight, affordability and the architecture of its control and software platform which are purposely made to be customizable.
The robot is a getaway to a multitude of research and development in hardware and software for humanoids. The existence of such readymade platform is most awaited for robotic labs who wish to bypass the stage of developing their own robots. Hence, investigations involving humanoids in man machine interfaces, rehabilitation and bipedal walk engines can be realized.
In the same year it breached the market, NAO had been chosen to replace Sony's AIBO as the standard league for RoboCup, where university labs compete in an international soccer competition by means of robot teams. This has been the catalyst to studies on biped walk algorithms to achieve robust, stable and fast walk for the robot. Teams who adopt closed loop and intelligent type of controllers have emerged as winners from the competition.
Some future directions to be explored are in the dynamics of biped motion with alterable CoM height [12] and a controller to achieve low power consumption without compromising the robot's speed and robustness. Researchers are also looking at areas other than walking such as combinations of motions and even running. The Nao Team Humboldt [19] are already exploring and accomplishing the robot's ability to kick a soccer ball in different positions using a visual feedback controller.
Endless possibilities also exist when artificial intelligence is explored as the robust walk controller. As presented in [14] [15], using fuzzy logic and machine learning algorithm had shown positive results. Moreover, the controller can be fully simulated using RoboCup 3D platform or Open Dynamic Engine (ODE) before actual experiments on NAO are carried out. However, implementing machine intelligence such as genetic algorithm (GA) or neural network may be restricted by the NAO's limited onboard CPU which is only limited to 500 MHz motherboard with 256 Mb SDRAM.
For motion control interface design, a GUI which is able to simulate all the behaviors involving motion, light, speech and even provide predefined input to the robot shall provide users with a powerful tool to design multifaceted motions for the NAO robot.
